The well-width dependence of the two-dimensional (2D) electron energy relaxation associated with acoustic-phonon emission in GaAs/Ga 1−x Al x As multiple quantum wells (MQWs) has been investigated using Shubnikov-de Haas (SdH) effect measurements in the temperature range of 3.3-15 K and at applied electric fields up to 300 V m −1 . The modulation-doped MQW samples studied have quantum-well widths (L z ) in the range between 40 and 145Å; only the lowest subband in each sample is populated with a 2D carrier density in the range from 1.04 × 10 16 m −2 to 1.38 × 10 16 m −2
. The power loss-electron temperature characteristics of the samples have been obtained from the lattice temperature and electric field dependences of the amplitude of the SdH oscillations. It is found that the power loss decreases markedly when L z increases from 40Å to about 120Å and it increases for L z > 120Å. The experimental results are compared with the current 2D and three-dimensional (3D) theoretical models for power loss, which include both piezoelectric and deformation-potential scattering. The electron-temperature dependence of power loss determined experimentally fits well to both the 2D and 3D theoretical models in the intermediatetemperature regime but with different values for the acoustic deformation potential. It is shown that for samples with L z in the range of 40-120Å, the 2D model predicts a dependence of power loss on the well width, which is similar to that observed experimentally. The 3D model, however, predicts a power loss which increases with increasing well width and describes well the well-width dependence of the experimental power loss for wide wells (L z 120Å). The results provide useful information about the relative magnitude of the deformation-potential and piezoelectric contributions to power loss.
Introduction
The energy relaxation of hot carriers in semiconductors, particularly in GaAs, has been investigated extensively both experimentally and theoretically in bulk and two-dimensional (2D) structures (for a review see [1] [2] [3] [4] ). The determination of the temperature of electrons, under electric field heating conditions in the steady state, provides useful information about the electron-phonon interactions involved in the energy relaxation process. At temperatures below about 30-40 K the population of optical phonons in GaAs is negligibly small, therefore, acoustic-phonon scattering provides the only inelastic scattering mechanism [1] [2] [3] [4] [5] [6] [7] [8] .
Experimental research on the energy-loss rates of 2D electrons in the acoustic-phonon scattering regime has been reported by a large number of groups [3, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Most of the research reported previously in the literature, however, has been carried out on high electron mobility transistor (HEMT) structures, where the interpretation of the experimental results is often complicated by a number of factors; for example, existing theories are based on the ideal quantum-well approximation with single-subband occupancy and, therefore, predict a power loss with a strong dependence on the confinement length. In contrast, the experimentally studied HEMT structures are characterized by closely spaced subbands and the confinement length depends on the Fermi energy and temperature. Therefore, in order to interpret their experimental results, most researchers have used either the 2D confinement length or the deformation potential as an adjustable parameter.
Recently, Balkan et al [3] reported the first experimental study of the well-width dependence of the acousticphonon-assisted energy relaxation of 2D electrons in GaAs/Ga 1−x Al x As multiple quantum wells (MQWs). They addressed the uncertainties associated with the cooling mechanisms of a 2D electron gas in quantum wells where, unlike the HEMT structures, the confinement length is relatively well defined. They observed that the power loss decreases substantially with the increase of the well width L z from 51 to 106Å and then increases considerably with the increase of L z to 145Å, at all electron temperatures in the range of 1.5-4.5 K. However, further study is needed to clarify the question: how does the power loss from 2D electrons in GaAs/Ga 1−x Al x As quantum wells depend on the well width? In this paper, we aim to answer this question through a comprehensive experimental investigation of power loss in a large number of modulation-doped GaAs/Ga 1−x Al x As MQW samples with L z in the range of 40-145Å. In all the samples studied, only the first subband is populated with a 2D electron density in the range from 1.04 × 10 16 m −2 to 1.38 × 10 16 m −2 . The power loss results are obtained from hot electron Shubnikov-de Haas (SdH) effect measurements in the lattice temperature range of T L = 3.3-15 K. Hence, the range of electron temperatures is kept well below that where extra loss mechanisms, such as plasma effects [23, 24] or optical-phonon contributions [1] [2] [3] [4] [5] [6] [7] [8] , may interfere. The experimental results are discussed within the framework of the current theoretical models concerning electron energy-loss rates in 2D and threedimensional (3D) semiconductors. The results clearly show the well-width dependence of the energy-relaxation rates and also provide concrete information about the relative magnitude of the deformation-potential and piezoelectric contributions to power loss.
Experimental procedures
The modulation-doped GaAs/Ga 1−x Al x As MQWs were grown using the molecular beam epitaxy (MBE) technique. The samples were fabricated in Hall-bar geometry and ohmic contacts were formed by diffusing the Au/Ge/Ni alloy. The layer structures and doping parameters of all the samples were nominally identical with the exception of the GaAs quantumwell width, which was varied from L z = 40 to 145Å. Table 1 lists the growth and electronic transport parameters of all the samples studied.
The magnetoresistance measurements were carried out as functions of: (i) the applied electric field F at a fixed lattice temperature T L0 (the lowest temperature of the lattice temperature range, as given in table 1); and (ii) the lattice temperature T L (in the range T L0 T L 15 K) at a fixed electric field F 0 which was low enough to ensure ohmic conditions and hence to avoid carrier heating. The magnetoresistance measurements were performed in a three-stage closed-cycle refrigeration system (HS-4 Heliplex, APD Cryogenics) using a conventional dc technique in combination with a constant current source (Keithley 220) and a nanovoltmeter (Keithley 182). The current flow was in the plane of the 2D electron gas. Steady magnetic fields (B) up to 2.3 T were applied perpendicular to the plane of the samples and hence to the plane of the 2D electron gas. The data were taken at equal intervals of 1/B. All the measurements were performed in the dark.
The SdH oscillations in magnetoresistance provide an accurate and sensitive technique that has been used successfully in investigations of electron energy relaxation in the acoustic-phonon regime (see for example [22] and references therein). In heavily modulation-doped 2D structures, where a highly-degenerate electron gas exists, the variations of the amplitude of the SdH oscillations with applied electric field and lattice temperature can be used in the determination of the power loss-electron temperature characteristics. All the samples used in the present study are highly degenerate so that the reduced Fermi energy (E F − E 1 )/k B T 1 (table 1) . Therefore, we have used the SdH oscillation technique in our investigations. The method is based on the assumption that scattering mechanisms such as interface-roughness scattering and ionized impurity scattering, which determine the low-temperature transport mobility of 2D electrons in GaAs/Ga 1−x Al x As MQWs, are elastic in nature. Consequently, the energy which is gained by electrons in an applied electric field is dissipated via the emission of acoustic phonons.
The SdH oscillations in the magnetoresistance of a 2D electron gas of single-subband occupancy can be represented by the function [25] [26] [27] [27] [28] [29] [30] . The amplitude of SdH oscillations is determined by the temperature, magnetic field and effective mass via
where A(T , B n ) and A(T 0 , B n ) are the amplitudes of the oscillation peak observed at a magnetic field B n and at temperatures T and T 0 .
Assuming that the change in the amplitude of SdH oscillations with applied electric field can be described in terms of electric field induced electron heating, the temperature T in equations (1)-(3) can be replaced by the electron temperature T e . Therefore, T e can be determined by comparing the relative amplitudes of the SdH oscillations measured as functions of the lattice temperature (T = T L ) and the applied electric field (F) using [3, 31] 
In the derivation of equation (4) it has been assumed that the quantum lifetime is independent of both lattice temperature and applied electric field.
Experimental results
Typical examples for the results of magnetoresistance (R xx ) measurements are shown in figures 1(a) and (b) for samples with L z = 40 and 78Å, respectively. It is evident from the figure that the oscillatory component of R xx (B) is superimposed on a monotonic background, and contains only one period indicating that only one subband is populated. The Fourier transform of the experimental R xx (B) data confirms that, for each MQW sample studied, only the first subband is populated. The fact that the SdH oscillations contain only one period also implies that all the parallel connected quantum wells in each MQW sample exhibit almost the same 2D carrier density in the populated subband. The 2D carrier density per quantum well, N 2D , as determined from the period of the SdH oscillations, has a similar value for all the samples studied (table 1) . In a MQW sample with ten identically doped quantum wells, the Hall carrier density (N H ) is expected to be exactly a factor of ten higher than N 2D . In all our samples the ratio N H /N 2D is about ten (see also [3, 30] ), within the experimental accuracy, showing evidence that the 2D electron densities are identical in all the quantum wells in each MQW sample and only these electrons contribute to transport. Thus, any parallel conduction [32] due to the undepleted carriers in the Ga 1−x Al x As barriers is negligible. It is also clear from figure 1 that the background magnetoresistance, which makes it difficult to determine the oscillation amplitude, differs from one sample to another. A widely used method to exclude the effects of the background magnetoresistance and to extract the SdH oscillations is to calculate the negative second derivative −∂ 2 R xx /∂B 2 of the experimental magnetoresistance data with respect to the magnetic field [3, 22, [33] [34] [35] [36] . The result of this procedure is also illustrated in figure 1. The SdH oscillations in the second derivative of the magnetoresistance have well-developed envelopes even at low magnetic fields; they are symmetrical about a horizontal line and can be represented by equation (1) . The technique does not alter either the peak position or the period of the oscillations. The in-plane effective mass (m * ) and the quantum lifetime (τ q ) of 2D electrons in the MQW samples, determined respectively from the temperature and magnetic field dependences of the amplitude of the SdH oscillations, are summarized in table 1. The in-plane effective mass of 2D electrons in each sample is found to be practically independent of magnetic field in the range of 1.2-2.3 T. The 2D electron density (N 2D ) and the Fermi energy with respect to the subband energy (E F − E 1 ), obtained from the period of the SdH oscillations, are also given in table 1. An analysis of the SdH oscillations measured as functions of the lattice temperature and the applied electric field has shown that N 2D and τ q for all samples are essentially independent of both lattice temperature and applied electric field in the measurements ranges.
The 2D electron gas itself represents a system in thermal equilibrium characterized by an electron temperature T e greater than the lattice temperature T L [1, 2] . The electron temperature T e , as obtained by directly comparing the curves similar to those in figures 3(a) and (b), is plotted as a function of the applied electric field in figure 4 for all the samples studied. It is found that T e for each sample is practically independent of magnetic field in the range of 1.2-2.3 T. This indicates that the magnetic field used in the experiments does not significantly affect the energy relaxation processes. This result agrees with those reported previously [18, 19] for modulationdoped GaAs/Ga 1−x Al x As heterojunctions. We note that the amplitudes of the SdH oscillations measured for the sample with L z = 120Å decrease rapidly with the increase of the applied electric field and become small enough to vanish for F > 60 V m −1 . The electron temperature determined for this sample rises quickly with increasing F, reaching 11 K when F ∼ = 50 V m −1 . The input power per electron, P, supplied by the applied electric field can be calculated using [2, 31] 
where µ t is the transport mobility. In the steady state, the power supply is equal to the power loss via the emission of acoustic phonons. In the calculations of power loss we used the mobility determined from resistivity and low magnetic field Hall effect measurements (table 1). It is found that µ t is independent of both lattice temperature and the applied electric field in the measurement ranges. The power loss versus electron temperature is plotted in figure 5 for all the samples studied. The magnitude of power loss varies significantly from one sample to another. Since the barrier parameters of all the samples are identical and the 2D electron densities are (14) to the experimental data for the samples with L z = 40, 78, 95 and 140Å. . Well-width dependence of the power loss at selected electron temperatures. The symbols refer to the experimental data, and the full curves through the experimental data points are intended to be a guide to the eye. similar, the observed variation in power loss is indicative of an association with the only variable parameter in the samples, i.e. the quantum-well width L z . The fact that the 2D carrier density differs slightly from one sample to another (see table 1) is not so important because the power loss is not due to all 2D electrons, but rather due to the electrons within a narrow range of energies in the close vicinity of the Fermi level [14, 17, 22] . In order to show the well-width dependence more clearly, in figure 6 we plot the power loss as a function of L z , at selected electron temperatures. At a given electron temperature, the power loss decreases substantially with the increase of L z from 40Å to about 78Å and becomes approximately independent of L z up to 120Å. Although limited data are available for wide wells (L z > 120Å), the power loss tends to increase as the well width increases further, particularly for higher electron temperatures, and as the electrons acquire a more 3D characteristic. Balkan et al [3] observed a similar trend for the power loss of 2D electrons in GaAs/Ga 1−x Al x As MQWs at electron temperatures in the range of 1.5-4.5 K, where a dip in power loss occurred at about L z = 106Å. The marked increase in the power loss with the decrease of L z below about 78Å (figure 6) agrees qualitatively with the effect expected from the increasing 2D density of states and hence the increasing acoustic-phonon scattering rate. Ridley [2, 37] has shown that, for infinitely-deep quantum wells of single-subband occupancy, the acoustic deformation-potential scattering rate is proportional to the 2D density of states which increases with decreasing well width. In the following section, the experimental results obtained in this study are compared with the predictions of the theoretical models for power loss in semiconductors.
Comparison between experimental results and theory
At low temperatures, since there are only a few electrons with energies high enough to emit optical phonons, the main source of energy relaxation is acoustic-phonon scattering. At such low temperatures, the electron distribution is often degenerate and Pauli exclusion is important in limiting the allowed scattering. The power loss from a degenerate electron gas due to scattering by acoustic phonons has been calculated by many authors (see for instance [2, 10, 18, 23, [38] [39] [40] [41] [42] [43] ) in two distinct temperature regimes: (i) the low-temperature (BlochGrüneisen) regime, where the phonon population diminishes, such that n(ω q ) 1, and the Pauli exclusion increasingly restricts the allowed scattering processes; and (ii) the hightemperature (equipartition) regime, wherehω q /k B T 1, and hence the phonon distribution can be approximated by
wherehω q is the acoustic-phonon energy at wave vector q. In the 2D calculations, scattering by the absorption of acoustic phonons was neglected and only spontaneous emission was considered to be important. The infinite-well approximation was used in the extreme quantum limit, and the phonons were assumed to be bulk phonons. Approximate analytical expressions derived for power loss in both the low-temperature and high-temperature regimes are given in [2, 3, 43] for the unscreened interactions in 2D and 3D semiconductors. When an electron undergoes intra-subband transition by the emission of acoustic phonons, the electron changes its momentum and at the same time it loses energy to the phonon. At low temperatures the Fermi gas has a sharp boundary curve and consequently any momentum changes which might involve the emission of an acoustic phonon of energy much greater than k B T are hindered greatly by the Pauli exclusion. Hence only small-angle scattering is allowed at very low temperatures [40, 44] . In this regime, the power loss is characterized by the dependences P np ∝ T [2, 3, [38] [39] [40] 43] . Therefore, the total energy-loss rate of a 2D electron gas, P = P np + P p , in the low-temperature regime can be represented [2, 3] by
where
and
are the magnitudes of the deformation-potential (nonpolar acoustic) and piezoelectric (polar acoustic) interactions, respectively. Here is the acoustic deformation potential, ρ is the density and V S is the speed of sound in the material, ε is the static dielectric constant, and k F (=(2πN 2D ) 1/2 ) is the Fermi wave vector of 2D electrons. The average electromechanical coupling constant K 2 av is given [37] by
where e 14 is the piezoelectric stress constant, and C L and C T are the spherical-average elastic stiffness constants of a single crystal with cubic symmetry. The screening of the electronphonon interaction in the 2D case, which is not included in the above calculations, is predicted to increase the exponent of the k B T e and k B T L terms in equation (7) by two [2, 39] . In the high-temperature regime, when MaxwellBoltzmann statistics is applicable and equipartition is assumed, the electron-temperature dependence of the energy-loss rate can be expressed [2, 3] by
are the magnitudes of the deformation-potential and piezoelectric interactions, respectively. Further difficulty with the theoretical treatment of the 2D power loss in the high-temperature regime arises, even for quantum-well structures with well-defined carrier confinement, due to the simplifying approximations made concerning both momentum conservation and phonon distribution [2, 3, 45] . The former is the result of the fuzziness of the conservation of momentum and the approximation q z q | is made, where q z is the transverse component and q | is the in-plane component of the acoustic wave vector, to obtain the analytical expressions given in equations (11)- (13) . The reason for the latter is because most experiments are not usually performed in either the low-temperature (Bloch-Grüneisen) or in the high-temperature (equipartition) regimes, but in the temperature range between 2-20 K, where none of the simplifying approximations holds strictly. Therefore, an adjustment function (see equation (16) is introduced when comparing the experimental results for electron-temperature dependence of power loss with theory to account for the transition between the two temperature regimes [2, 3, 15, 45 ].
An inspection of equations (7) and (11) shows that the experimental data for the power loss versus electron temperature can be represented in the form
where the proportionality constant A depends on the coupling constants, 2D carrier density and quantum-well width. The exponent γ is taken to be independent of sample parameters including quantum-well width, and is commonly used as an indication for both the temperature regime of the experiments and the main energy relaxation mechanism [9-14, 18, 21, 22] . Theoretical calculations of the acoustic-phonon-assisted energy-loss rates of hot electrons in a 2D electron gas of singlesubband occupancy predict γ = 1 at high temperatures and γ = 3 (unscreened piezoelectric scattering), γ = 5 (unscreened deformation potential and heavily-screened piezoelectric scattering) and γ = 7 (heavily-screened deformation potential scattering) at low temperatures (see for example [2, 11, 14, 18, [38] [39] [40] ). Equation (14) fits well to the experimental P(T e ) data, together with T L = T L0 (table 1) , with a constant value for γ over the whole electron temperature range from T e ∼ = 3.5-15 K (see figure 5) . The exponent γ takes values in the range between 1.67 and 2.33 (table 2) and does not exhibit a systematic dependence on the quantum-well width (L z ), as would be expected, since theoretical considerations do not predict any correlation between L z and γ . However, the agreement between equation (14) and the experimental P(T e ) data for the samples with L z = 120 and 145Å is not as good as that for other samples, and the fitting procedure yields the relatively higher values of 3.9 and 3.4, respectively, for γ of these two samples. The values found for γ indicate that the temperature range of our experiments is intermediate between the low-temperature and high-temperature limits (see also [2, 10, 18] ). For all our samples T * =hω/k B ∼ = 15 K, wherē hω is the acoustic-phonon energy averaged over the Fermi surface [2] . Hence, neither T e T * (low-temperature) nor T e T * (high-temperature) conditions are strictly satisfied in the experiments. This also implies that the measurements with a base lattice temperature T L0 ∼ = 3.5 K fall in the intermediatetemperature regime.
An approximation, which is often used [2, 3, 15] for the energy-loss rate in the intermediate-temperature regime, is represented by
where C np and C p are the magnitudes of the deformationpotential and piezoelectric interactions in the high-temperature regime, as given in equations (12) and (13), and
x L x e x L − x e (16) with
The function f (T e ,T L ) approaches unity at high temperatures and decreases exponentially at low temperatures. Equation (15) provides an approximation extending the high-temperature regime towards low temperatures.
The experimental P(T e ) data obtained for the modulationdoped GaAs/Ga 1−x Al x As MQW samples have been fitted to equation (15) [47] .
Since K 2 av for GaAs is known with a relatively higher accuracy, it has been taken to be fixed in the curve fitting procedure.
The C IJ of GaAs and Ga 1−x Al x As (x = 0.3) single crystals are essentially the same (see [49] ). Hence, the modification of the value of sound velocity for GaAs in the <110> direction to take account of the acoustic-mode propagation in Ga 1−x Al x As has no significant effect on the magnitude of the calculated power loss. There is an excellent fit between equation (15) and the electron-temperature dependence of the power loss measured experimentally, as shown in figures 7(a)-(c) for three samples representing the whole range of well widths L z = 40, 78 and 140Å, respectively. The values determined for the acoustic deformation potential of modulation-doped GaAs/Ga 1−x Al x As MQW samples fall in the range of 2.3-10.6 eV (table 2), which covers that ( ∼ =7 eV) commonly accepted for bulk GaAs [46, 50] . Following the same procedure as described above, we have attempted to fit the analytical expressions for power loss in the low-temperature (equation (7)) and high-temperature (equation (11)) regimes to the experimental P(T e ) data. It is clear from figures 7(a)-(c) that neither equation (7) nor equation (11) gives a satisfactory fit to the experimental results. We note that it was not possible to estimate a value for the acoustic deformation potential of the samples with L z = 120 and 145Å, since none of the analytical expressions given in equations (7), (11) and (15) fits satisfactorily to the experimental P(T e ) data for these two samples. Figure 8 shows the well-width dependence of the acoustic deformation potential , as determined from the best fits of Hot electron energy relaxation via acoustic-phonon emission in GaAs/Ga 1−x Al x As multiple quantum wells The full, dash-dotted and dashed curves correspond to the best fits of equations (15), (7) and (11), respectively, to the experimental P(T e ) data. the 2D analytical expression in the intermediate-temperature regime (equation (15)) to the experimental P(T e ) data. The value of decreases substantially as the well width L z increases from 40 to 51Å, then increases gradually with further increase in L z and levels off at a value of about 10 eV for L z 95Å. The results shown in figure 8 indicate that, for the samples with L z = 51, 75 and 78Å, the 2D theoretical model underestimates the deformation-potential contribution (P np ) to the power loss. This, in turn, leads to lower values for , because P np is proportional to 2 . In the case of a degenerate electron gas, it has been predicted theoretically that the electron-temperature dependence of the power loss in the acoustic-phonon regime is independent of dimensionality (see for example [2, 3, 43] ). In order to check the validity of this model we have fitted the experimental P(T e ) data to equation (15) with
appropriate for acoustic-phonon-assisted power loss in 3D semiconductors in the high-temperature regime [2] , where
. Equation (15), with C np and C p as given in equations (17) and (18), fits well to the experimental P(T e ) data for all the samples except that with L z = 40Å. The latter observation is not totally unexpected, since the bulk approximation is not valid for narrow quantum wells (see also [3] ). The acoustic deformation potential , obtained from the 3D model, takes values in the range of 5.8-8.0 eV (table 2), which are very close to that ( ∼ =7 eV) generally accepted for bulk GaAs, and is essentially independent of well width (figure 8). It should be noted that the value obtained for from the best fits of the 3D model to the experimental P(T e ) data for a given sample is somewhat different from that found using the 2D model. This is a consequence of the fact that, although equation (15) has the same electron-temperature dependence of power loss for both the 2D and 3D models in the intermediate-temperature regime, the magnitudes of the deformation-potential (C np ) and piezoelectric (C p ) interactions in the 2D case (equations (12) and (13)) are different from those in the 3D case (equations (17) and (18)). Therefore, it appears that the large scatter in the value for the acoustic deformation potential of GaAs/Ga 1−x Al x As heterostuctures reported in the literature (see for example [10, 12, 41, 51] ) is, at least in part, due to the actual theoretical model used in the analysis of the experimental power loss data. Figure 9 shows the well-width dependence of the ratio of the deformation-potential component to the piezoelectric component of power loss, P np /P p , calculated using both the 2D and 3D analytical models in the intermediate-temperature regime. It can be seen from the figure that the deformationpotential scattering dominates the 3D power loss for all the samples with L z 51Å: P np /P p tends to increase from 2.2 to 5.7, as the well width decreases from 140 to 51Å. For the 2D case, however, P np is larger than P p by a factor of about 2.3 for the narrowest (L z = 40Å) and wider (L z 95Å) quantum wells, while P np is smaller than P p for samples with L z = 51, 75 and 78Å. The results found for P np /P p explain to some extent the discrepancy concerning the relative magnitude of the polar and nonpolar contributions to the acoustic-phonon-assisted energy-loss rate, reported in the literature for GaAs/Ga 1−x Al x As heterostructures [7-15, 18, 41] . Since the average electromechanical coupling constant is taken to be fixed in the data analysis, the marked increase in the value of P np /P p for L z < 51Å (figure 9) suggests that, in the 2D case, the strength of deformation-potential scattering increases with the narrowing of the quantum well, in qualitative agreement with the theoretical predictions [2, 43] . It is also worth noting that, in the intermediate-temperature regime, both the 2D and 3D models predict similar values for P np /P p of wide quantum wells ( figure 9 ). This is because the electrons in wide quantum wells acquire more of a quasi-3D characteristic and, hence, the power loss is expected to be described equally well or better with the 3D model. The trends shown in figure 9 remain at all electron temperatures in the range of 3.5-15 K. In order to show this feature more clearly, the polar (P p ) and nonpolar (P np ) components of the 2D power loss are plotted as a function of electron temperature in figures 10(a)-(c) for three samples representing the whole range of well widths L z = 40, 75 and 140Å, respectively. The experimental data along with the total power loss (P = P p + P np ) are also included for comparison. It is evident from figure 10(b) that, for the sample with L z = 75Å, P p is significantly higher than P np at all electron temperatures, while P np > P p for narrow ( figure 10(a) ) and wide ( figure 10(c) ) quantum wells. On the other hand, the 3D model predicts that P np is much larger than P p , at all electron temperatures, for all the samples except that with L z = 40Å for which the 3D model is not applicable.
In view of these observations, we conclude that the piezoelectric scattering rates in the 2D case are somewhat overestimated for the samples with well widths in the range 51 L z 78Å and, hence, the theoretical calculations of the 2D polar interactions need to be reconsidered. If screening were to be included in the 2D theoretical calculations, the polar component of the interaction would be reduced significantly [39, 41] . However, Bennet et al [52] have shown that inclusion of the effects of both static and dynamic screening on the electron-acoustic-phonon interactions in GaAs/Ga 1−x Al x As MQWs with a 2D carrier density of about 1.0 × 10 16 m −2 does not account for the experimental observations. Therefore, it is not clear to us why this discrepancy exists between the experiment and theory.
The theoretical results for the well-width dependence of the total power loss (P = P np + P p ), calculated at T e = 8 K and T L0 = 3.5 K by using the 2D and 3D analytical models in the intermediate-temperature regime with = 7 eV, are plotted in figure 11 along with the experimental data. The experimental power loss decreases with increasing L z , and then tends to increase for L z > 120Å (see also figure 6 ). The 2D model has a well-width dependence very similar to the experimental results for the narrower quantum wells. It does, however, fail to predict the observed increase in the power loss for the samples with L z > 120Å. This is probably because the ideal quantum-well approximation in the extreme quantum limit, which was used in the 2D power loss calculations, would no longer be valid for wide quantum wells and hence a better description of the power loss with the 3D model would be expected (see also [3] ). Theoretical 3D power loss also has a dependence on the well width L z . This is because, although the 3D calculations do not feature the well-width dependence explicitly (see equations (17) and (18)), it appears implicitly as a result of the conversion between the 3D and 2D carrier densities, i.e. N 3D = N 2D /L z . Therefore, for a fixed value of N 2D , N 3D decreases with increasing L z and hence the theoretical 3D power loss increases, as shown in figure 11 . This suggests that an accurate theoretical representation of the well-width dependence of the energy-loss rates in the acousticphonon regime could only be made by using a finite potential well and allowing higher-subband occupation.
The infinite quantum-well approximation in the extreme quantum limit predicts an enhancement in the confined electron-acoustic-phonon interaction compared to the case in a real quantum well with finite barriers [2, 3, 41] . Also, the Figure 11 . Comparison of the well-width dependence of the experimental power loss (full circles) with the theoretical results, estimated at T e = 8 K and T L0 = 3.5 K, using the 2D (full curve) and 3D (dashed curve) models with = 7 eV. The dash-dotted curves through the experimental data points are intended to be a guide to the eye. existing 2D theories use the bulk phonon approximation, which is obviously valid for wide quantum wells. However, recent theoretical work [53] on the acoustic-phonon confinement in GaAs slabs in vacuum suggests that the electron-confinedacoustic-mode scattering rates for narrow quantum wells may indeed be different from those obtained by using the bulk phonon approximation. By how much the confinement of the acoustic phonons in GaAs/Ga 1−x Al x As heterostructures would change the scattering rates is an interesting problem that needs to be considered. To our knowledge, there has been no theoretical study on the electron-acoustic-phonon scattering in the literature, which has taken into account the effects of both the electron confinement in a finite quantum well and the confinement and folding of the longitudinal and transverse acoustic modes.
Conclusions
The acoustic-phonon-assisted energy-loss rates of 2D electrons in modulation-doped GaAs/Ga 1−x Al x As MQWs of single-subband occupancy have been investigated, as a function of the quantum-well width (L z ) in the range of 40-145Å, using Shubnikov-de Hass effect measurements at lattice temperatures (T L ) between 3.3-15 K and applied electric fields up to 300 V m −1 . The experimental results are compared with the predictions of the current theoretical models for power loss in degenerate semiconductors. There are several interesting features to note, which assist an understanding of the cooling mechanisms of 2D electrons in GaAs/Ga 1−x Al x As MQWs via the emission of acoustic phonons. They can be summarized as follows:
(i) The energy-loss rates show a power-law dependence on the electron temperature T e with a constant value for the exponent γ over the whole range from T e = 3.5-15 K. The exponent γ ranges from 1.67 to 2.33, indicating that the temperature range of the experiments is intermediate between the low-temperature (BlochGrüneisen) and high-temperature (equipartition) limits. However, γ does not exhibit a systematic dependence on well width. (ii) The electron-temperature dependence of the power loss measured experimentally, P(T e ), is described well by both the 3D and 2D theoretical models in the intermediatetemperature regime. The acoustic deformation potential , obtained from the best fits of the 3D model to the P(T e ) data, takes a value in the range of 5.8-8.0 eV, which is very close to that ( ∼ = 7 eV) commonly accepted for bulk GaAs, and is almost independent of the well width L z . However, the acoustic deformation potential, determined by fitting the 2D model to the P(T e ) data, decreases from 10.6 to 2.3 eV with increasing L z from 40 to 51Å, increases with a further increase in L z and levels off at a value of about 10 eV for L z 95Å. (iii) The deformation-potential scattering dominates the 3D power loss for all the samples, at all electron temperatures. The ratio P np /P p of the deformation-potential component (P np ) to the piezoelectric component (P p ) of power loss decreases from 5.5 to 2.5 when L z is increased from 51 to 140Å. For the 2D case, P np is larger than P p by a factor of about 2.5 for the narrowest (L z = 40Å) and wider (L z 95Å) quantum wells. However, for the samples with L z = 51, 75 and 78Å, P np < P p indicating that the 2D model underestimates P np for these samples. This, in turn, leads to lower values for , because P np is proportional to 2 . (iv) The experimental power loss decreases with the increase of the well width L z from 40Å to about 120Å and tends to increase with a further increase in L z . The wellwidth dependence of the power loss for the samples with L z 120Å is described well by the 2D model in the intermediate-temperature regime, but it fails to account for the increasing power loss for wide wells (L z > 120Å). The 3D model, on the other hand, predicts a power loss which increases with increasing well width and describes reasonably the well-width dependence of the experimental power loss for wide wells.
